Tensile properties of nanostructured bainitic steels
The bainite obtained by low-temperature transformation is harder than ever previously achieved for this microstructure, with values in excess of 700 HV. Some strength and ductility data at room temperature are illustrated in Fig. 3 . The ultimate tensile strengths (UTS) were always in excess of 2 GPa, with non-negligible ductility. The detailed analysis of the results clearly outlines two groups: 0.6C grades (NANOBAIN 9-12) do not exhibit significant difference in tensile properties as a function of composition.
However, for the same transformation temperature, higher carbon grades (1-0.8C, NANOBAIN 4-8) exhibit higher tensile strengths (typically 2200 MPa) and lower elongations, except for NANOBAIN 7. A particular surprise is the NANOBAIN 7 alloy, with extraordinary combination of ductility and strength, ~12% uniform elongation for UTS of 2 GPa [12, 14] .
Much of the strength and hardness of the structure comes from the incredibly thin platelets of bainitic ferrite [11] . For a true thickness t, the mean lineal intercept 2 Lt  [ 21 ] , the resulting strengthening is given by
MPa where L is in micrometres [22, 23] . The inverse dependence on L , which does not follow the HallPetch relation, is because the transmission of slip across boundaries is determined by the energy required to expand dislocation loops rather than by the pile-up of the dislocations obstructed by boundaries [23] . The residue of strength after accounting for the plate thickness comes from dislocation forests, the intrinsic strength of the iron lattice and solution strengthening [11] .
In a similar scheme, attempts to understand the origin of ductility in most specimens have been met with only partial success. Indeed, the selected microstructural parameters (retained austenite or bainitic ferrite content and lath thickness) fail to provide any indication of the ductility; see some results in Table 2 , where similar parameters lead to significantly different ductility, with a clear difference in results when heat treating at 200/220 ºC or 250/270 ºC. As an example, NANOBAIN 7 exhibits identical retained austenite and bainite lath thickness after heat treatment at 220 and 250 ºC, but its ductility is entirely different. It has been suggested that retained austenite mechanical stability is the key to the ductility in those microstructures [12, 24] .
Nanoscale and complex ferritic structure
Bright field TEM image of NANOBAIN 1 steel transformed at 125 ºC for 60 days is presented in Fig. 4 . Some of the plates of bainite are incredibly long and thin nm), giving an ultra-fine scale structure consisting of an intimate mixture of austenite and ferrite. Dislocation debris is evident in both the bainitic ferrite and the surrounding austenite. Extensive TEM failed to identify significant carbide precipitation in this low temperature bainite; only a few extremely fine (20 nm wide and 175 nm long) cementite particles in the bainitic ferrite were found in samples after extensive ageing at 200 ºC for 14 days [2] .
Ferrite laths in a bainite sheave are of nearly the same crystallographic orientation. The sheaves are sometimes called as packets in optical microscopy [25] , as they are similar to those of lath martensite. In lath martensite structures, a prior austenite grain is divided into packets, the group of laths with the same habit plane (or the same parallel close-packed planes relationship) with respect to austenite, and each packet is further divided into blocks [26] . Each martensite block contains laths of the same orientation and was also called a co-variant packet [27] . Recently, the crystallography of bainite in Fe-9Ni-(0.15-0.5)C (wt.%) alloys transformed at different temperatures was studied in detail by electron backscatter diffraction (EBSD) in scanning electron microscopy (SEM) [28] . It is known that the relative orientations of the bainitic ferrite and its parent austenite are always close to the classic Kurdjumov-Sachs (K-S) and NishiyamaWasserman (N-W) relationships [25] . 
Morphology and size of austenite
The refinement of the microstructure to the nano-scale is not exclusive of the bainitic ferrite, as retained austenite trapped between the slender plates of ferrite, nano-films, as those shown in Fig. 4 and Fig. 6 , also have a size <100 nm. In the past, the term block of austenite has been used to describe unetched surface pools of austenite with sizes of several tens of micrometres trapped between sheaves of bainite. In low-temperature bainitic alloys, the term micro-block is used to denote blocks of retained austenite >1000 nm, and sub-micron blocks those between 100 and 1000 nm.
Morphology is an important factor to be considered on the mechanical stability of austenite. In terms of its mechanical stability, thin films of retained austenite can be too stable [29, 30] to transform by transformation-induced plasticity (TRIP) effect, for several reasons. First, because of the constraint to transformation exerted by the surrounding plates of ferrite, second, because smaller retained austenite contain lower potential nucleation sites for the transformation to martensite therefore requiring higher driving force for martensite nucleation, and finally, because their higher carbon concentration [31] .
The chemical composition is also an important factor controlling the mechanical stability of austenite. Elements such as carbon, manganese, and silicon [ 32 , 33 ] significantly enhance the austenite mechanical stability; amongst these elements, carbon exhibits the strongest influence. In alloys containing austenite of low mechanical stability, the strain-induced transformation occurs during the early stages of deformation, resulting in little or no benefit of the strain hardening related to deterring plastic instability or necking in the later stages of deformation. Conversely, if austenite becomes mechanically more stable and transforms at higher strains, the associated strain hardening effectively increases resistance to necking and fracture. However, if austenite is too stable, the presence of large amounts of austenite at necking (instability criterion)
does not guarantee effective TRIP effect. So, the strain-induced transformation will enhance ductility if retained austenite is moderately stable against straining.
Therefore, a wide distribution of sizes of the retained austenite in the microstructure, as illustrated in Fig. 6 , will lead to effective variations of the austenite stability, and would be favourable for spreading the effect of the transformation all along straining and for postponing localization [34, 35] . As it has been mentioned, and Fig. 7 illustrates at an atomic level for these type of alloys [36, 37] , there is a strong correlation between the size of the austenite feature and the amount of C that is retained in solid solution, i.e., the smaller the size, the higher the amount of carbon present. Therefore, it can be concluded that a wider distribution of austenite sizes, wider range of levels of mechanical stabilities, might provide an extra contribution to ductility [12] .
High density of defects
Plastic relaxation in the austenite adjacent to the bainitic ferrite during bainite reaction may control the final size of the bainitic ferrite plates [38] . The defects generated in this process resist the advance of the bainitic ferrite-austenite interface, where the defect density is highest for lower transformation temperatures [39] . The plastic relaxation of the shape change was examined a long time ago by in-situ hot-stage transmission electron microscopy (TEM) and pre-polished samples of austenite transforming to bainite. Observations revealed that the growth of bainite is accompanied by the formation of dislocations in and around the bainite [40] .
The retained austenite was also found to have the appearance of multiple planar faults/twins, often with one dominant fault plane [31] . When the fault plane was approximately normal to the foil plane, the faults could be seen to terminate at slip steps , respectively [41] . These values are higher than those reported for conventional bainite, 1.7-4.0 x 10 14 m -2 [42] and, in general terms, similar to those measured for martensitic microstructures [43] . A progressive increase in the dislocation density in bainitic ferrite was also observed as the austenite/bainitic ferrite interface is approached [41] . This increase is related to the plastic deformation occurring in the surrounding austenite that accommodates the transformation strain as growth progresses and the following inheritance of those dislocations by the expansion of the growing bainitic ferrite plate [41] .
Complementary atom probe tomography results revealed carbon trapping at dislocations in the vicinity of a bainitic ferrite-austenite interface, as shown in Fig. 8 . The distribution of the carbon atoms in the analysis volume is not uniform and carbon-rich and carbon-depleted regions are clearly distinguishable. The carbon-enriched region at the top right of the atom map (Fig. 8b) represents austenite and the low carbon regions indicate the bainitic ferrite phase. Finally, the linear features with significant levels of carbon are dislocations in the vicinity of a bainitic ferrite-austenite interface. The 6 at.% C isoconcentration surface shown in Fig. 8b outlines the carbon-enriched region around a dislocation. It is evident from the proximity histograms across the dislocation in Fig. 8c that dislocations only trap the carbon atoms, as originally suggested by Kalish and Cohen [44] . As a result of the large distortion caused by the supersaturated carbon in the ferrite lattice, there is an attraction between carbon atoms and the stress fields of the dislocations [45] . Carbon tends to diffuse to sites close to dislocations in order to reduce its chemical potential.
Nanoscale carbides
The precipitation of carbides during the bainite reaction is a secondary process, not essential to the mechanism of formation of bainitic ferrite, except where any precipitation influences the reaction rate by removing carbon either from the residual austenite or from the supersaturated ferrite [ 46, 47 ] . In upper bainite, the carbides precipitate from the carbon-enriched residual austenite between the developing laths.
Thus, upper bainitic ferrite itself is generally free from intralath precipitates. In contrast, many observations reveal that lower bainitic cementite nucleates and grows within supersaturated bainitic ferrite in a process identical to the tempering of martensite [48] .
The slower diffusion associated with the reduced transformation temperature provides an opportunity for some of the carbon to precipitate in the supersaturated bainitic ferrite.
A fine dispersion of plate-like carbides is then found inside the bainitic ferrite, which also has a plate morphology, with a single crystallographic variant within a given bainitic ferrite plate, although it is possible to observe more than one variant of carbide precipitation in a lower bainite sub-unit [48, 49] .
Remarkably, the TEM micrograph shown in Fig. 4 failed to reveal carbide particles inside the bainitic ferrite after transformation at 125 ºC in NANOBAIN 1 steel, leading to the doubtful hypothesis that upper bainite was formed at this extremely low temperature. As mentioned above, only after extensive aging at 200 ºC for 14 days in the same steel, just a few 20 nm wide and 175 nm long cementite particles were observed by TEM inside a thicker bainitic ferrite plate [2] . The presence of intra-lath cementite as the lower bainite carbide in nanostructured bainitic steels was later confirmed by atom probe tomography [50] . An example of a carbon atom map showing carbon segregation across a cementite particle in nanostructure bainitic steels is shown in Fig. 9 . Cementite particles ideally contain a carbon content of 25 at. %; however, an apparent low carbon concentration of cementite was reported in earlier atom probe studies [51, 52] . This is primarily due to the assignment of the carbon peak at a mass-tocharge state ratio of 12 Da to be exclusively C + rather than containing some C 2 ++ ions, which will lead to a small underestimate of the true carbon level. However, all the particles detected with this level of carbon also show evidences of substitutional solute partitioning across the interface. The proximity histogram in Fig. 9 shows substitutional solute partitioning across the interface. This additional information helps to identify cementite.
As illustrated above, defects can effectively be thought of as separate trapping sites, which are a greater attractor for carbon than cementite. In these circumstances, the carbon available for cementite precipitation is reduced. The rate of precipitation then depends on the removal of defects during annealing, making more carbon available for cementite formation [53] . This process must greatly retard tempering kinetics and, because of the reduced carbon concentration in the perfect lattice, lead to a smaller driving force for precipitation.
Carbon supersaturation in ferrite
In addition, atom probe tomography revealed the presence of a high level of carbon in bainitic ferrite, which was well above that expected from para-equilibrium with austenite once the reaction proceeds to completion [50] . This reluctance of the carbon to partition was firstly attributed to the carbon trapping at dislocations in the vicinity of the austenite-ferrite interface, and to the fact that the lower the reaction temperature, the higher dislocation density of bainitic ferrite. However, recent work [54] has also shown by atom probe tomography, Fig. 10 , that as the transformation temperature is decreased, a higher amount of carbon remains in defect-free solid solution in the bainitic ferrite after transformation. In fact, the recorded concentration profiles revealed that the carbon content is rather homogeneously distributed within each phase indicating that carbon had sufficient time to be distributed to a state close to certain kind of equilibrium that is independent of the initial distribution between bainitic ferrite and parent austenite.
An interesting question is what factors have caused the abnormally high carbon solubility in bainitic ferrite. Bhadeshia and co-workers [55] explained this abnormally high carbon content in ferrite using first-principles calculations and suggested that when tetragonal ferrite is in equilibrium with austenite, it has a much greater solubility for carbon than is the case for cubic ferrite in the same circumstances. Likewise, they provided experimental evidences for the existence of a tetragonal or slightly orthorhombic unit cell of bainitic ferrite that supports the hypothesis that the excess carbon that persists in the ferrite is a consequence of an increased solubility due to the change in symmetry from the conventional cubic unit cell [56] .
Summary
Nanostructured bainitic steels have been designed and manufactured following conventional industrial practices. Their microstructure consists of extremely fine plates of carbon-supersaturated ferrite and retained austenite. The designed steels present mechanical properties never achieved before with bainite and the potential use of these steels is large. 
